


:\ Ale (7), *\IeO (8), or Et0 (9) group ortho to the S02F 
function gave little change in K,. Although these 
ytructural changeq itill allowed irreversible inhibition, 
the total irreversible inhibition at  a 1-4K1 concentra- 
tion was low, indicating that these structural changes 
had a detrimental effect on the ratio of the rate of 
enzyme inactivation tis. the rate of enzyme-catalyzed 
hydrolysis. Substitution of C1 (10) or XIeO (11) para 
to  the SOnF function of 6 wa.; also detrimental to ir- 
reveriible inhibition, but not reversible inhibition; 
substitution of a C1 (12) on the central phenyl group of 
6 gave similar results. 

When the iwSo2I.’ function of 6 was moved to para 
(13) , reversible inhibition mas enhanced about two- 
fold; however, this structural change destroyed the 
irreversible inhibitory properties. When 13 was fur- 
ther substituted by -1Ie (16) or C1 (17) on the central 
phenyl group, irreversible inhibition was still not seen. 
Substitution of o-Ale (15) to the SOzF function of 13 
gave similar negative results. In contrabt, substitution 
of C1 (14) mefa to the SO2F function of 13 gave a good 
irreversible inhibitor, although reversible inhibition 
was not changed. When the bridging in 13 to the 
benzamidine waq changed from para to meta, the re- 
sultant 18 showed improvement over the nonirrevers- 
ible 13; 18 was still a poor irreversible inhibitor since 
a 4K, concentration showed irreversible inhibition but 
a K i  concentration gave essentially no irreversible in- 
hibition. 

When the p-(fluorosulfonylbenzamido) moiety of 4 
was moved to the ineta position, the resultant 19 mas 
an even better irreversible inhibitor than 4 when both 
were compared a t  K ,  concentration. 

A series of irreversible inhibitors derived from p-  
(m-aminophenoxyet1~oxy)benzamidine were then in- 
vestigated. The In-fluorosulfonylphenylureido de- 
rivative (20) was an excellent irreversible inhibitor of 
trypsin, as was 21 with a C1 para to the S02F moiety. 
Insertion of an o-Me (22) on 20 again gave a poorer ir- 
reversible inhibitor, presumably due to a less favorable 
ratio of enzyme inactivation to enzyme-catalyzed hy- 
drolysis. 

When the i w S 0 2 F  moiety of 20 was moved to the 
para (23), little change in reversible inhibition occurred; 
however, the effect on  irreversible inhibition was more 
dramatic, 23 now being a poor irreversible inhibitor; 
removal of an S H  of the ureido bridge of 23 to give 24 
resulted in recouping irreversible inhibition. 

The last compound investigated mas the lower homo- 
log (25) of 13 which was a poor irreversible inhibitor, 
but was better than 25 which failed to show any ir- 
reversible inhibition. The best irreversible inhibitors 
in Table I are 2, 3, 5, 6, 19-21, and 24, all of which 
gave >SSyo inactivation a t  a K,  concentration. In  
order to compare these best inhibitors in speed of in- 
activation, in contrast to total inactivation in 60 min, 
time studies were performed. The half-lives of ir- 
reversible inhibition by these eight compounds a t  a 
K,  concentration were compared ; these half-lives 
varied between 1-7 min. Three of the compounds 
(19-21) had half-lives of 2 min or less at  a K i  concentra- 
tion of 0.9-2.2 p M  and gave essentially 1OOyo inactiva- 
tion in 60 min. 

Although it is likely that these SOsF-type irreversible 
inhibitors in Table I form a covalent bond with n 

serine or threonine of trypsin, it is unlikely that the 
same amino acid in trypsin is attacked by all these ir- 
reversible inhibitors. The location of the amino acid 
covalently linked by these inhibitors is a challenging 
endeavor worthy of pursuit. l 8  

One of the objects of synthesizing the compounds in 
Table I was to gain better specificity among the numer- 
ouq “tryptic” enzymes. For example, thrombin’4 is 
defined a. a “tryptic” enzyme since it can use S-tosyl- 
L-arginine methyl ester (TANE) as a substrate. There- 
fore one of compounds (2) in Table I was examined 
as a reversible and irreversible inhibitor of thrombin. 
Reversibly, 2 had an 1 6 0  = 24 p J 1  when assayed with 
1 mJ1 TAlIE at pH 5.4. When thrombin was incu- 
bated for 1 hr a t  37” at pH 7.4 with 30 pcldi’ 2, no ir- 
reversible inhibition was observed. Xote that 3.1 
pJl 2 can give 91% inactivation of trypsin under the 
same conditions. This selectivity in irreversible in- 
hibition by 2 between trypsin and thrombin should be 
contrasted with the results of irreversible inhibition of 
these two enzymes by the chloromethyl ketone from 
S-tosyl-L-lysine (26) (TLCK) ; the latter could ir- 
reversibly inhibit both thrombin and trypsin. l6 TLCK 
specifically alkylates histidine46 when complexed 

HN----C--NHZ 
I 

27 

with trypsin;16 this histidine is most likely part of the 
active site.I5 

Since thrombin and trypsin are both “tryptic,” 
their catalytic sites and complexing sites for a lysine 
moiety would be expected to be similar; hence, both 
should be inactivated by TIEL\. I n  contrast, 2 was 
designed to complex the benzamidine moiety in the 
active site of trypsin then extend the SOzF moiety 
outside the active site where differences in structure 
between trypsin and other “tryptic” enzymes should 
be apparent.” Thus, the specificity shown by 2 be- 
tween trypsin and thrombin can be accounted for by 
covalent bond formation outside the active site, the 
so-called exo mechanism of active site-directed ir- 

(13) The SOzF moiety also has the  ability to  form a stable covalent bond 
with histidine or tyrosine. Since there are only three histidines in trypsin 
and the  number of tyrosines on the  surface of a n  enzsme is ap t  to  he small, 
linkage to  one of these amino acids is not likely. 

(14) -4 number of commercial crude thrombin preparations contained 
much water-insoluble protein and gave a low velocity of reaction n-ith TAhlE 
which was highls variable. Good activity and duplicatahility mere achieved 
with a water-soluhle thrombin preparation, So.  BTZ000. purchased from 
Sigma Chemical Co. TAME shon-ed an  apparent K ,  of 3 m.lI in 0.05 .lI 
Tris buffer, p H  8.4. 

(15) E. Shaw, 11. Mares-Guia, and IT. Cohen, Biochemi.9trp, 4, 2219 
(1965). 

(16) E. Shaw and S. Springhorn, Biochem. Biophyr. R e s .  Commun.. 27, 391 
(1967). 

(17) An active site is defined as containing those amino acids in contact 
with t h e  substrate and those amino acids involved in the  catalytic process.18 
Since i t  is not yet known how m a n s  amino acid residues a t  the  carboxyl end 
of a lysine or arginine in a protein are in contact with a protease such as 
trypsin, t h e  dimensions of t h e  active site are impossible to estimate by sub- 
strate size when the  substrate is a protein. However, even if two or three 
amino mid units at t h e  carboxyl terminus were in contact with t w o  different 
proteases, t h e  farther removed from t h e  catalytic site are these contacts, the 
greater difference could he expected in primary and tertiary striictiire of t h e  
two proteases. 

(18) See ref 7, p 188. 
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TABLE I (Continued) 
Irrei ersible------------ -Reversible- ------------ 

1 6 0 , ~  Estd Inhib, /O Time, % L- 

It p M  K , , C p M  Methodd p M  E Ie min inactvn 

m-SHCOP\THC6H3-2-Cl-~-S~*F l . S  0 90 BANA 3 0 60 64 
TAME 0 90 50 60 100 
TALIE 0 90 50 1, 10, 60 30, 86, 100s 

m-1;HCONHCsH3-4-lIe-3-S02F 4 1 2 0 BANA 9 2 82 60 86 
BAXA 2 3 60 23 
TAME 2 0 50 60 76 

BANA 5 3 60 12 
TAME 2 4 50 60 1 3 

W Z - S H C O C ~ H B O ~ F - ~  3 0 1 5  BANA 6 0 2, 308 50, 831 
BANA 1 5 10, 308 47,47 
TAME 1 .i 50 60 94 
T B N E  1 5 50 3, 10, 60 50. 6S, 910 

p-NHCOXHCcHSOtF-p 4 0 2 0 BANA 1 3  87 60 41 
TAME 2 0 50 60 0 

~ - X H C O S H C ~ H & ~ O L F - ~  4 8 2 4 BANA 10 6 82 60 e59 

The technical assistance of Susan Black, Maureen Baker, Jean Reeder, and Julie Leseman with these assays is acknowledged. 150  

= concentration necessary for inhibition when assayed with 50 p M  DLbenzoylarginine p-nitroanilide (BAXJA) in pH 7.4 Tris 
buffer containing 10% DAIS0 as previously described.5 Enzyme incubated a t  37' in pH 7.4 Tris 
buffer containing 10Vc D?VISO;4 method A used 3-9 phf trypsin and was assayed with BAliA. Method B used 0.1-0.3 p M  trypsin and 
was assayed with N-tosyl-barginine methyl ester (TAME) (see Experimental Section). 8 Calculated from [E11 = [E,]/(l + Ki/[II) 
where [EI] = amount of reversible complex expressed as a percentage of total enzyme (Et);8 this calculation is valid only when inhibitor 
is in excess of enzyme. * Near maximum 
irreversible inhibition. 

c Estimated as 0.5150; see ref 4. 

f Data from ref 4 unless otherwise indicated. 0 From six-point time study.4 h New data. 

reversible inhibition7 Similarly, the bromoacetaniido- 
benzamidine (27), which at  14 p X  shows slow irrevers- 
ible inhibition of trypsin with a half-life of 4 hr, showed 
no irreversible inhibition of thrombin at 30 p X .  

The trypsin inhibitors, benzamidine (28) and phenyl- 
guanidine (29), are also reversible inhibitors of throm- 

CIHSC(=ILH)NH* C6HsNHC (=NH)NH2 
28 29 

bin; when thrombin was assayed with 1 m X  TAME, 
28 and 29 had Ij0 = 0.46 and 0.68 mM, respectively. 
Thus it should be possible to convert 28 or 29 to a 
specific irreversible inhibitor of thrombin by utilizing 
the modus operandi developed for trypsin4J and other 
enzymes7 Similarly, it should be possible to develop 
selective irreversible inhibitors of other serum proteases 
such as the complement system involved in rejection 
of organ transplants. l9 

Chemistry.-All of the candidate irreversible in- 
hibitors in Table I can be generalized either as a benz- 
amide (30) or phenylurea (31); these were synthe- 
sized from the appropriate arylamiries (32, 33, 39-42, 
47) by acylation with the appropriate fluorosulfonyl- 
benzoyl chloride in DJIF in the presence of Et3K or 
11 ith the appropriate 0-(p-nitrophenyl) carbamate*O 
i n  the absence of E t3S .  Of the required amines, 32 
and 33 have been previously synthesized.* The re- 
mainder n ere synthesized as f o h n  s. 

The alkylation of p-hydroxybenzamidine (34) with 
the appropriate a-bromoalkyl ni-nitrophenyl etherz1 
in D l I F  containing I<,C03 gave 35 and 36 by the pre- 
viously described general m e t h ~ d . ~  Catalytic hydro- 
genation of the S O 2  group afforded the requisite amines 
39 and 40; the amine (41) mas prepared from 34 in a 
similar fashion with 4-bromobutyl 3-methyl-4-nitro- 
phenyl ether cia 37 (Scheme I). Similarly, alkylation 

(19) Ciba Foundation Rvmposium, Complrment C l? It* \VnlstenhoIme 
and J Knielit. Ld , Little, B ~ o n n  and Co , Bo-ton X a s s ,  1YG5. 

(20) B R Baker and S. 31. J Vermeulen, J M e d .  Chem , l a ,  74 (1Y69), 
paper C X S S I V  of this series 

(21) B. R. Baker and G J. Lourens, abad., 11, 26 ( l e s s ) ,  paper C I S  of tliis 
series. 

of p-hydroxybenzamidine (34) with the appropriate 
bromide gave 38. However, trace impurities in 38 
made catalytic reduction to 42 a quite variable re- 
action that failed a t  times; therefore 38 was synthesized 
by the alternate route of alkylation of p-cyanophenol 
to 43 which was more readily purified. Reaction of 
43 with EtOH and HC1 in CHCl, converted the C S  
to an imino ether which was treated in situ with am- 
monia to give the amidine 38, isolated as its benzene- 
sulfonate salt. Catalytic reduction of 38 then pro- 
ceeded smoothly to  42. In  a similar fashion, m-cyano- 
phenol (44)** was converted to 47. 

Experimental Section 
All analytical samples had ir spectra in agreement with their 

assigned structures, moves as a single spot on tlc on Brinkmann 
silica gel GF or polyamide AIN, and gave combudon values for 
C, H, and ?j or F within 0.4% of theoretical unless otherwise 
indicated. XIelting points were taken in capillary tubes on a 
Nel-Temp block and are uncorrected. 
4-Ethoxy-3-fluorosulfonylacetanilide (48).-To 60 ml of C1- 

SOoH was added portionwise with stirring 30 g (0.17 mole) of p-  
ethoxyacetanilide with u-ater-bath cooling to keep the tempera- 
ture at 30-33'. After 2 hr at  40" the solution was cooled in an 
ice bath, then poiired into about 350 g of ice and H2O with vig- 
orous stirring. The mixtiire was extracted with two 250-ml por- 
tions of CHC13. Dried (LIgS04), the CHC13 solution was evapo- 
rated in t~acuo leaving an oily srilfonyl chloride which gradnally 
solidified and had the proper ir spectriim. The oil was dissolved 
in 60 ml of dioxane. To the solution was added 30 g of KF (0.32 
mole) in 30 ml of H20,  then the mist.iire was refliixed for 40 min. 
The cooled mixtiire was diluted with 300 nil of H20 and extracted 
with two 200-ml portions of CHC13. The combined extracts 
were dried (MgSO,), then evaporated in vacuo, leaving 16.9 g 
(%yo) of product that  moved as single spot on tlc with EtOAc 
and was suitable for the next step. Recrystallization of a sample 
from CHC1, gave white crystalb, nip 157-15Y0. Anal. (CIOHI,- 

0-(p-Nitrophenyl) N-(4-Ethoxy-3-fluorosulfonylphenyl)car- 
bamate (49).-A mixture of 16.9 g (66 mmoles) of 48, 33 ml of 
EtOH, 14 ml of H,O, and 20 ml of 12 -Y HCl was refluxed for 90 
min, then diluted with 430 In1 of IlzO. The solution was clari- 
fied by filtration, then neutralized with NaHC03 and extracted 

FXOi3) C, H. 

(22) Prepared by tlie procedure of T. van Es, J .  Chem. Soc. ,  1564 (tY63) 
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NHaHO$C,Hj 

C-NH, 
I 

II 

30. K,= NHCOC,H,R,SO,F 
31. Rj = NHCONHC6HjR,SO,F 

NH.H0,SC6Hj 

C-NHI 
I 

II 

8 
b H  

34 

NH.HO,SC,H., 

C-NH2 
I 
II 

37, Rl = H; RL = CHJ 
38, R, CI; R2 = H 

NH,HO,OC,,H 

C--NH, 
II 

4 
32. n = 3 
33. n = 4 

SH,HO ,SC,,H 
I1 
I 1  
C-NH. 

I 

NO, 

35.11 = 2 
3 6 . n = 4  

1 
WH'HOISC,,H 

C-NH- 
I 
II 

39. n = 2 
4 0 . n = 4  

CN 
I 

NH, 

43 

41, R, = H; RL = CH, 
42,R, = C1: R, = H 

CK CY 
I I 

44 45 
NH.HNO, 

C-NH, 
I 

I1 
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X U .  

7 
8 
9 

10 
11 
12 
13 
14 
1 ,i 
18 
17 
1 0 
20 
21 
22 
23 
24 
2 .i 
3 3 
36 
37 
38 

39 
40 
41 
42 

Tl 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
2 
2 
2 
2 
2 
3 
2 
4 
4 
4 

2 
4 
4 
4 

31ethoda 

C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
c 
u 
E 
C 
C 
C 
L) 
C 
A 
A 
A 
A 
F 
B 
B 
B 
B 

70 yield 

34* 
38b 
2 8 h  
64c 
40b 
44b 
38 d 

3 4  
S o b  

881 
440 
13” 
261 
426 
1 6b 
241 
10n 
386 
476 
461 
26k 
61 
331 

66m 
42 
900 

N p ,  oc 

216-218 dec 
230-233 

216-219 
180-181 
183-183 
213-2 13 
231-253 dec 
178-180 
240-241 dec 
2:39-241 dec 
243-249 

233-23,j 
216-219 dec 

161-16.5 

247-249 
245-248 
270-272 
243-243 
203-205 
187-190 
174-178 
197-2031 
198-203 
238-240 
173-180 
175-178* 
203-207 

h a l j s e s  

C, H, F 
C, H, F 
C, H, F 
C, H, F 

c, H, F 
C, H,  F 
C, H ,  F 
C, 11, F 
C, H,  F 
C, HI F 
C, H, S 
C, HI F 
C, H, F 
CI HI F 
c, H, F 

c J  H> 

C, H,  Fe 

C, H,  N 
C, H I  N 
C, H I  N 
C, H,  X 

C, H, N 
C, H, N 
C, H ,  X 
C, H, N 

‘ J  

For methods A, B, U, and E, see ref 4; for methods E and F, see Experiment,al Sectioii. 6 Itecrystallized from EtOH-H20. c Iie- 
crystallized from EtOH. Recrystallized from D N F .  e dnal.  Calcd: C, 54.6; H, 4.26; F, 3.09. Found: C, 53.9; H, 4.03; F, 3.76. 
J lIeprecipit,ated from DhIF with Et20. 1 liecrystal- 
lized from XeOEtOH-Hz0. k After 
one recrystallization from i-PrOH, mp 159-170’, suitable for the next step. ltecrystallized from EtOH- 
EtpO. Recrystallized from HIO. Triturated with lIe2CO. p Recrystallized from MeOH. 

Q Reprecipitated from 31eOEtOH-Et20. * Recrystallized from XeOH-Et&. 
i Recrystallized by solution in acetone by adding the minimum of H20, then addition of EttO. 

I Recrystallized from n-PrOH. 

This compound was also prepared from anisic acid by chloro- 
sulfonation23 followed by treatment with KF in aqueous dioxane 
as described for 48; the over-all yield was 21%, mp 175-178”. 
Attempts to acylate several aminophenoxybenzamidines by 
method U with the acid chloride of 51 gave mixtures difficult to 
purify. 

Enzyme Assays.-The reversible and irreversible inhibition 

(23) M. S. Siialr, C. T. Bliatt, and D. D. Kanea, J .  Chem. Soc., 1375 (1933). 

assays of trypsin using S-benzoyl-m-arginine p-nitroanilide 
(BAbiA)lO have been described p r e v i ~ u s l y ; ~  the earlier ir- 
reversible incubations4 and those recorded in Table I used 3-9 
Jf trypsin in the incubation. The incubation concentration of 
typsin could be reduced to 0.1-0.3 J I  by use of the more scnsi- 
tive S-tosyl-Larginine methyl ester (TAAIE);” the incubations 
were run in 0.03 J I  pH 7.4 Tris bufler, theii assayed by 1 : 10 
dilution wit,h 0.05 d l  pH 8.4 Tris buffer containing 15 m;ZI 
CaC12 with 1 mall TAAIE.11 


